We treated 50 patients with bony malignancy by en-bloc resection, extracorporeal irradiation with 50 Gy and re-implantation of the bone segment.
Intra-operative extracorporeal irradiation and re-implantation of the bone segment was first reported by Spira and Lubin 1 in two patients as a method of limb salvage for bone sarcoma. The dose of radiation is lethal and produces a dead autogenous bone graft of the correct dimensions for re-implantation and reconstruction. There should be no risk of local recurrence and radiotherapy-induced malignancy. 2 Extracorporeal irradiation was introduced to Australia at our institution in 1996. 2 We now report the results and complications in our first 50 patients.
Patients and Methods
Fifty patients with bone malignancy were reviewed, in whom after en-bloc resection, reconstruction had been undertaken by reimplanting the extracorporeal irradiation bone segment. There were 21 pelvic, 17 femoral, 11 humeral and one tibial lesion. These included 21 Ewing's sarcomas, 16 osteosarcomas, 3, 4 11 chondrosarcomas, one metastatic osteosarcoma and one metastatic melanoma.
All the patients with Ewing's sarcoma and osteosarcoma had chemotherapy. In three patients with pelvic lesions post-operative radiotherapy was given because of intralesional resection (case 4) marginal resection (case 43) and contaminated margins (case 48).
There were 23 men and 27 women with a mean age at presentation of 23 years (3 to 66) and at review of 25 years (6 to 68).
Of the 50 patients eight were either dead or dying. One (case 32) was oncologically clear but had undergone an amputation. She refused to attend and was interviewed by telephone. The remaining 41 were reviewed clinically and radiologically, using the Musculoskeletal Tumour Society score (MTSS), 5 the Toronto extremity salvage score (TESS) 6, 7 and the score of Mankin et al.
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Operative technique. After en-bloc resection, the segment is wrapped in a wet sterile drape to minimise air gaps, placed in two sealed sterile plastic bags and wrapped in another sterile drape. This is delivered for radiotherapy. Meanwhile, the operative site is prepared for re-implantation and marginal biopsies taken. On return the specimen is removed from the inner plastic bag and soaked in iodine solution.
It is cleared of unnecessary soft tissue leaving important muscle insertions for re-attachment and then re-implanted. Extracorporeal irradiation. Thirty-two segments were irradiated with 4 to 6 MV photons from a linear accelerator. 2, 9 They were surrounded by water-equivalent materials and irradiated isocentrically with parallel opposed fields. All segments had a single midplane dose of 50 Gy at a rate of 1.8 to 2.0 Gy per minute. The mean time between the bone segment and returning it to the operating room was 35 minutes.
Eighteen bone segments measuring less than 19 cm in length and 12 cm in thickness were inserted into a cylindrical canister and irradiated in a blood product irradiator (Gammacell 3000 Elan, Nordion, Ontario, Canada). 10 Each segment was placed in the centre of the canister and water-equivalent material used to fill the remaining space. The dose rate was 4.5 Gy per minute and the mean time from collection to return 20 minutes. Pelvic reconstruction (21 cases) . Total hip replacement (THR) was indicated in 13 skeletally mature patients in whom resection included the acetabulum (Fig. 1) . 11 A support ring with a cemented polyethylene acetabular cup and an S-ROM femoral stem (DePuy, Warsaw, Indiana) with a 28 mm metal head were used after re-implantation and fixation of the pelvis. In four skeletally immature patients, the femoral head was returned to the acetabulum to preserve the natural joint and proximal femoral growth plate (Fig.  2) . Femoral reconstruction (17 cases) . Intercalary resection was performed when possible with stabilisation of the extracorporeal irradiation graft by a nail or plate. Eleven of 14 such patients had a vascularised fibular graft. This was added to the extracorporeal irradiation graft either in parallel (Fig.  3) or into a trench (Figs 4 and 5). In two patients in whom the proximal femur had been resected and the abductors preserved, the limb was reconstructed by an extracorporeal irradiation graft and S-ROM THR composite, attaching the abductors to their tendon stumps and stabilising the distal osteotomy by a plate (Fig. 6 ). Tibial reconstruction (One case) . In one patient (case 2) a diaphyseal chondrosarcoma was treated by intercalary Photograph showing femoral extracorporeal irradiation graft with a trench cut for a vascularised fibular graft. Radiograph showing proximal femoral reconstruction with the extracorporeal irradiation-THR composite. Radiograph showing tibial extracorporeal irradiation reconstruction with a vascularised fibular graft. resection, ECI and re-implantation, combined with a vascularised fibular graft and stabilised by a plate (Fig. 7) . Humeral reconstruction (11 cases) . When en-bloc resection of the proximal humerus was performed (Fig. 8 ) the humeral head was replaced by a cemented long-stem Bigliani prosthesis (Fig. 9 ) before re-implantation of the graftprosthesis composite. This was because in the first two cases (8 and 10) there was dissolution of the humeral head (Fig. 10) . The eight proximal humeral cases thereafter had reconstruction by an extracorporeal irradiation graft-prosthesis composite. In one further case an intercalary resection/reconstruction with an extracorporeal irradiationvascularised fibular graft composite was performed.
Results
The mean survivor follow-up was 38 months (12 to 92), measured from the date of surgery. The results are summarised in Table I which includes the significant incidence Radiograph showing a humeral reconstruction with an extracorporeal irradiation-Bigliani shoulder composite. of problems and complications which are predictable in such a group of patients. Of the 50 patients, 42 (84%) are free from disease and eight have died or are dying, of whom seven had high-grade pelvic malignancies. Local recurrence occurred in four patients. Two had differentiated acetabular chondrosarcoma and one a sacral mesenchymal chondrosarcoma (cases 16, 24 and 43). There was one soft-tissue recurrence in a proximal humeral osteosarcoma (case 32), which required disarticulation of the shoulder.
In the 41 disease-free survivors the outcome was generally good. There were 17 excellent, 13 good and nine fair results with two failures according to the Mankin score. The mean values of the MTSS and TESS were 77 (20 to 100) and 81 (40 to 100), respectively.
Most patients had solid bony union, but there was considerable osteolysis in several cases, especially humeral cases 8 and 10. Other examples of osteolysis are described in Table I .
Discussion
Extracorporeal irradiation and re-implantation is a useful, convenient and inexpensive technique. It should act as a bridge for creeping substitution and incorporation thereby providing the chance of a lifelong biological solution. 1, 12, 13 ECI allows re-attachment of muscle tendons and preserves natural joints, thus eliminating the problems of prosthetic wear. In our patients, reliable bony union of osteotomies was observed, although secondary procedures were needed in some cases. When possible, sparing of the growth plate maximised the growth potential.
Currently, 99 cases on the use of extracorporeal irradiation have been reported in the literature from six centres which have used doses of radiation of between 50 and 300 Gy. 1, [12] [13] [14] [15] [16] [17] [18] [19] We used a dose of irradiation of 50 Gy which is equivalent to 250 Gy in the conventional fraction using the linear quadratic model. The dose is immensely higher than that of the standard fractionated external-beam irradiation treatment for bone tumours and should be sufficient to produce a tumour kill of 100%. There should be no risk of local recurrence or of late radiotherapy-induced malignancy. 2 We believe that higher doses are unnecessary, take longer to administer and may increase detrimental effects to bone. Bone studies have shown a radiation dose-dependent reduction in strength and also suggest reduced revascularisation and osteoconductive properties, thereby increasing the time to union and incorporation. [20] [21] [22] [23] When compared with other methods of limb salvage, there was no evidence of increased rate of recurrence with extracorporeal irradiation in our series or other similar studies. Furthermore, local recurrence has not been reported after extracorporeal irradiation. The functional outcome, while variable, is encouraging when compared with other methods, especially the long-term results in the lower limb. When investigating survival, longer follow-up is required, but to date this has not been lower than expected.
One area of concern is avascular necrosis and resorption of the graft. This complication mainly occurred in the areas furthest from revascularisation, was most dramatic in the humeral head but was also seen in the pelvis. Intercalary reimplantations do well since they are revascularised from both ends. Radiological remodelling of the extracorporeal irradiation graft was limited and suggested that complete replacement with living bone did not occur and there remained a framework of dead bone which needed the longterm support of the metalwork. This is why we recommend vascularised fibular graft to supplement the reconstruction.
Another disadvantage was the lack of material for histopathological analysis of the effect of chemotherapy and of No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article.
